Several studies demonstrated that active exploration as compared to passive observation of a variety of objects leads to improved performance concerning these actively studied objects later on. These results may be specifically due to an improvement in perceptual recognition but in principle they may also be due to a speeding up of responses to actively studied objects. Recently, however, it was suggested that the benefit of active exploration on perceptual recognition may be restricted to a specific class of (biologically relevant) stimuli. By employing measures derived from signal detection theory we were able to show in all our three experiments that active exploration of virtual 3D objects leads to improved perceptual sensitivity in a subsequent test phase. The improvement with these objects means that the benefit of active exploration is not restricted to a specific class of biologically relevant stimuli. The results of our second experiment further demonstrate that the benefit of active exploration is even strong enough to fully compensate for the effect of perceptual degradation, thereby emphasizing the major impact of active exploration. In our third experiment, we explored the possibility that effects of active exploration might be due to major changes in attentional strategies rather than to the action-related aspect. Results revealed that an attentional requirement left the active-passive difference by and large intact supporting the view that the advantage of active object exploration lies in the action itself.
Introduction
In the 1950s Gibson already argued that visual perception and action should be treated as two complementary aspects of human behavior with one being reliant on the other and vice versa. According to Gibson (1950 Gibson ( , 1979 our actions are strongly driven by visual perception; the main purpose of vision is in fact to interact with our environment (see also e.g., Creem & Proffit, 2001; Held, 1965; Neisser, 1976) . This supposed mutual relation between visual perception and action gives a clue for the natural tendency of people to actively explore objects. Active exploration not only affects perception-related aspects of these objects but improves action-related features of these objects in memory as well. A logical consequence of active object exploration seems to be that multiple cues become available for retrieval thereby possibly facilitating the memorization and later recognition of these objects. Indeed, several studies revealed that active exploration of visual stimuli varying from virtual 3D objects (Harman, Humphrey, & Goodale, 1999; James, Humphrey, & Goodale, 2001) , faces (Liu, Ward, & Markall, 2007) , to complete visual scenes (Christou & Bülthoff, 1999 [Exper- iments 1 and 2]; Sun, Chan, & Campos, 2004) seems to improve memory of these stimuli as compared to passive observation (for some exceptions see James & Atwood, 2009; Liu et al., 2007) .
In the study of Harman et al. (1999) novel computer-rendered 3D objects were employed that were constructed of geon-like parts (see Biederman, 1987 ). An advantage of the use of these objects is that they really can be considered to be novel, implying no problem due to possible existing memory representations. Each participant studied half of the objects using active exploration during which the object could be manipulated by moving a track ball. The other half of the objects was studied by passive observation. A yoked design was used such that the passive viewing sequence for a particular object examined by a participant during the study period was simply a replay of the active exploration of that same object by another participant. In a subsequent test phase, it was observed that actively explored objects were recognized faster than passively viewed objects, although no effect was observed on accuracy (see also James et al., 2002) . This discrepancy between effects on accuracy and reaction time (RT) was ascribed to differences in the sensitivity of these measures. Continuing along this line of reasoning, it should indeed be realized that these measures do not necessarily reflect the same processes. RT can be considered as a compound measure reflecting the duration of all processes intervening between stimulus presentation and the final response, like stimulus encoding, perceptual identification, response selection, motor programming, and response execution. Accuracy, however, is thought to be more strongly related to perceptual processes like stimulus encoding and perceptual identification (e.g., see Mordkoff & Egeth, 1993) . As a consequence, the observed benefit of active exploration on RT could in principle reflect changes in response selection or other non-perceptual processes while the quality of perceptual processes, which is more likely to be reflected in accuracy, might remain unaffected. Therefore, it seems better to use measures that are more directly related to specific underlying processes.
This approach was followed in the more recent study by Liu et al. (2007) . They examined whether active as compared to passive exploration of 3D face stimuli in a study phase really affects perceptual recognition in a subsequent test phase. In this study measures for perceptual sensitivity (d 0 ) and response bias (c or b) derived from signal detection theory (Green & Swets, 1966) were computed on the base of hit and false alarm rates. These measures facilitate the interpretation of observed effects relative to RT and accuracy as according to this theory effects on d 0 depend on perceptual processes whereas biases in responding towards a certain response category are reflected in c. Again, a yoked design was employed to compare active exploration with passive observation. A computer mouse was used to manipulate the objects in the active exploration phase. Results showed improved perceptual sensitivity for actively explored as compared to passively observed faces, which can be ascribed to more efficient encoding in the study phase and consequently better retrieval of facial information in the test phase. An examination of the impact of active exploration on other 3D stimuli like chairs, however, showed no benefit of active exploration as compared to passive observation. Liu et al. proposed that due to their biological significance faces may attract more attention than chairs. Thus, their results suggest that the benefit of active as compared to passive exploration on perceptual recognition may be restricted to a specific class of stimuli; there may be a domain-specific effect of active exploration. Nevertheless, at the same time, Liu et al. argued that active-passive differences are not affected by a difference in attentional resources between these conditions. In an earlier pilot study with 3D faces no effect of active exploration was observed, which was ascribed to the demanding and distracting operation of the mouse in the active exploration condition (for a comparable reasoning, see Christou & Bülthoff, 1999) . Therefore, in the reported passive conditions participants had to move the mouse to mimic the direction of face rotation, which led to the aforementioned results. This manipulation indeed seems to control for a reduction of attentional resources in the active condition, however, it does not exclude the possibility that there were some other differences in the allocation of visual attention between the active and the passive conditions.
If active exploration of certain classes of visual objects really leads to improved recognition later on, then of course the question arises concerning the possible cause for this improvement. It may be argued that active exploration of objects somehow induces stronger cues for retrieval, more cues for retrieval, or possibly both. Concerning the first possibility, it may be argued that coactivation along the goal-directed dorsal stream and the recognition-related ventral stream (see Milner & Goodale, 1996) in the case of active exploration leads to a further strengthening of memory traces along the ventral pathway. A rather specific view was proposed by Mahon et al. (2007) largely based on data acquired with rapid event-related functional magnetic resonance imaging (fMRI). They examined stimulus-specific repetition suppression (RS) effects of manipulable and non-manipulable objects and argued on the basis of their results that processing along the ventral stream depends on functional connectivity with other neural systems. Specifically, they argued that RS related activity in the left medial fusiform gyrus, being a part of the ventral pathway, is strongly related to RS related activity in both the left inferior parietal lobule (relevant for motor control with tools) and the left middle temporal gyrus (relevant for motion), which are both part of the dorsal pathway. These findings led them to propose that action-related properties of objects may shape the representations of these objects along the ventral stream. An implication seems to be that carrying out actions on objects directly activates the representations of those objects along the ventral pathway thereby strengthening and improving the quality of the memory traces of those objects. Effects of these improved memory representations in recognition tests are especially likely to be reflected in behavioral measures specific for perceptual sensitivity like d 0 . A second possibility is that the involvement of (pre-)motor areas provides extra cues for retrieval. For example, Chao and Martin (2000) used fMRI and observed that viewing and naming of pictures of tools selectively activated the left ventral premotor cortex, suggesting that more areas become activated for manipulable objects. With respect to letter recognition, James and Gauthier (2006) showed in their fMRI study that when participants view letters not only areas in the ventral processing stream become active, but also motor and premotor areas, which can be related to motor experience with those letters (see also James & Atwood, 2009) . Activation in these areas may provide extra cues that given their origin are likely to reflect motor-related properties of those objects. The latter possibility may explain the behavioral advantage on mental rotation tasks for actively as compared to passively studied objects as (pre-)motor areas will become more activated during active exploration thereby providing extra cues relevant for a later cognitive operation like mental rotation (e.g., see James et al., 2001; Meijer & Van den Broek, 2010) . Thus, after active exploration one might rely on non-perceptual information as well thereby facilitating the ability to mentally rotate explored objects and to perform other actions concerning those objects.
As indicated above the two aforementioned possibilities are not mutually exclusive, they both may be part of the explanation. There is, however, another less intriguing third possibility that seems hard to rule out, as the effect of active exploration may be due to changes in the allocation of visual attention. For example, Harman, Humphrey, and Goodale (1999) considered the possibility that attentional resources would not necessarily be distributed equally in passive and active exploration conditions. In line with the suggestion of Liu et al. (2007) , one might even propose that this possibility depends on the class of the studied stimuli (e.g., biological relevant stimuli). Thus, an alternative explanation is that participants might have been more focused on objects in the active condition than in the passive condition. Note that this possible effect need even not be reflected in viewing differences as attending to a location cannot be equated with looking at a specific location (e.g., Posner, 1980) . It seems indeed rather difficult to exclude the possibility that the presence of differences between active and passive explorers is due to a reduction of attentional resources in the case of passive exploration. The latter possibility might also imply differences in the buildup of representations along the ventral pathway, but obviously for another reason than due to sensorimotor experience. In other words, the benefit of active exploration might not be due to the action itself, but rather due to differences in the allocation of attention when carrying out actions.
The goal of the current study was to shed more light on the aforementioned issues. In three experiments, virtual 3D objects were displayed which were studied either actively or passively. The objects were identical to the ones examined in an earlier study (Meijer & Van den Broek, 2010) . Our objects are comparable to the ones used by Harman et al. (1999) and James et al. (2001) . Previous findings (Liu et al., 2007) suggest that there might be a domainspecific effect of active exploration on perceptual recognition and up to now no unequivocal support has been presented that active exploration with virtual 3D objects really increases perceptual sensitivity rather than response-related processes. In our first experiment we further explored this issue by examining whether active exploration of virtual 3D objects really improves perceptual recognition of those objects in a later recognition phase. In our second experiment we investigated to what extent active exploration compensates for a reduction of perceptual quality in the recognition phase, thereby providing more information on the impact of active exploration on perceptual representations. In our third and final experiment, we examined whether attentional differences can be held responsible for the influence of active exploration.
General method
In this section we describe the general method used in the three experiments reported in this paper. Deviations from this description and other relevant details are described in the separate method sections of the individual experiments.
Participants
All participants (82 persons, 32 males and 50 females; mean age 22.6 years) included in the reported experiments were right handed and reported normal or corrected-to-normal visual acuity. They participated either in exchange for course credits or they participated voluntarily. They were naïve with regard to the displayed objects and the precise purpose of the experiments. All experiments reported in this paper were approved by the ethics committee of the Faculty of Behavioral Sciences at the University of Twente, and all participants signed a written informed consent.
Stimulus materials
Forty-eight new virtual 3D objects were created using the 3D modeling program Art of Illusion (Free Software Foundation, Inc.). The objects were composed of a set of 24 components that were similar to Biederman's geons, such as a cube, cylinder, truncated cone, and curved wedge (Biederman, 1987) . Each object consisted of a main body with smaller components directly attached to it. Half of the objects consisted of three different components (denoted in the following as simple objects) and the other half contained five dissimilar components (complex objects). To maximize the distinctiveness between the objects' shapes, each of the 24 geon-like components was used as main body only twice: once for a simple and once for a complex object. Furthermore, each component was used eight times to create the 48 objects that were used in our studies. The objects were presented in gray and were displayed in the center of a screen on a light gray background. Display size of the object depended on the rotation angle of the object, but the mean diameter of the displayed objects was about 20 cm (r = 9.5°). The objects were viewed from a distance of approximately 60 cm. Examples of the employed objects are displayed in Fig. 1 .
Procedure and design
The experiments were all divided in a study phase and a test phase. In the study phase, participants studied 24 objects. Half of them were studied in an active study condition in which they could manipulate the object by moving a mouse, and the other half was studied in a passive study condition. In both study conditions, six simple and six complex objects were randomly selected from the set of 48 objects. They were presented in random order and were studied 30 s each, with a 5 s inter stimulus interval in which a light gray background was displayed. A variation of a yoked design was used in the study phase. Participants had nearly identical views of the objects in the active and passive study conditions as the participant in the passive condition saw the exploration simultaneously carried out by the participant in the active condition. This was done by presenting the same display on different monitors located in different rooms. This setup was chosen to minimize possible differences between the participants. Before the study phase of the experiment started, participants were instructed to memorize the displayed objects as accurately as possible. The experiment started with two practice objects to familiarize the participants with the study phase procedure.
In the test phase, the participants performed an object recognition task. Participants were instructed to determine as accurately as possible within a time limit of 5000 ms whether or not they had studied the object before in the study phase. In total 192 objects were presented in the test phase of which 25% were actively explored, 25% were passively observed, and 50% were new. Participants received feedback after each block of 32 trials on their performance. Participants were encouraged to improve their performance when responses were considered too slow (<1500 ms) or when accuracy was too low (below 75% of correct responses). Within the test phase each object was presented four times from different perspectives.
Apparatus
The software program Authorware (Macromedia Inc.) with the Cortona VRML Client 5.1 (Parallel Graphics, Inc.) plug-in was employed to present the objects in the study phase of the experiments. Two Pentium IV computers were connected to two 17-in. CRT monitors, which were located in different rooms. Each monitor could be connected to one of the two computers through a switchbox. This enabled us to switch monitors from one computer to the other halfway the study phase. At the start of the study phase, both monitors were connected to a first computer. This allowed one participant to manipulate the to-bestudied objects actively with a standard computer mouse. In that case, the movement direction of the mouse corresponded with the direction of the object rotation whereas the amplitude of the movement determined the rotation speed. Another participant was seated in front of the other monitor and observed these object manipulations passively. Thus, participants were always tested in pairs. The participants were assigned to the initial active or passive role depending on their order of subscription. The first participant of the pair always started with the active condition and the second participant started with the passive condition. Halfway through the study phase, the monitors were switched to the other computer and the participants' roles were exchanged. Participants were not informed about the presence of the participant in the other room.
In the subsequent test phase, objects were presented by using E-Prime 1.1 (Psychology Software Tools, Inc.). Behavioral data were acquired through a standard computer keyboard. On the keyboard the ''z'' button had to be pressed for ''old objects'', and the ''m'' button had to be pressed for ''new objects''. In the test phase, the monitors were uncoupled; i.e., one monitor was connected to a first computer and the other monitor was connected to the other computer.
Data analysis
Performance in the test phase was assessed by determination of the number of hits, misses, false alarms, and correct rejections.
These values were subsequently used to calculate indexes of perceptual sensitivity (d 0 ) and response bias (ß) for the different relevant categories according to the method of Macmillan and Creelman (2005) . Although speed stress was low, we additionally explored whether effects in the test phase were reflected in RT.
Experiment 1
In our first experiment, we examined whether application of measures derived from signal detection theory can confirm the idea that active exploration of virtual 3D objects such as used in earlier studies like Harman et al. (1999) , James et al. (2001) , and Meijer and Van den Broek (2010) leads to improved perceptual recognition. Harman et al. (1999) and James et al. (2002) observed effects on RT, but no effects were observed on accuracy, which implies that it is not clear whether active exploration really affects perceptual recognition. Furthermore, Liu et al. (2007) observed an advantage on perceptual recognition only for 3D face stimuli but not for chairs. The latter result might mean that the benefit of active exploration on perceptual recognition is restricted to a class of stimuli that have increased (possibly biological) relevance.
Method

Participants
Twenty-two participants took part in this experiment (7 males; 15 females; mean age 20.7 years).
Data analysis
Repeated measures ANOVAs were run to investigate a possible effect of object type (actively explored or passively observed objects) on d 0 and ß to examine whether actively or passively studied objects differed in their discriminability from new objects. We additionally focused on RT and included new objects as an extra level for that variable. Separate t-tests were additionally performed on d 0 to check whether objects were recognized better than chance. Two additional repeated measures ANOVAs were run for the different dependent measures, the first including the factors object type and object complexity (simple and complex), and the second including the factors object type and presentation order during the test condition (four levels). The latter analyses were performed to check whether there were possible differences due to increased complexity, which might affect recognition accuracy, and whether there was a possible confusion due to repeated presentation of an object in the test phase (although presented from a different angle). These analyses were performed separately as the number of obtained measurements per cell was too low to include all the factors in a single analysis.
Results and discussion
The analysis on d 0 revealed a main effect of object type,
.28. Participants were more sensitive in recognizing actively studied objects (mean (M) = 1.13, standard error of the mean (SE) = 0.13) than passively studied objects (M = 0.59, SE = 0.15). These results are shown in Fig. 2 . The analysis on ß showed no effect of object type, F(1, 21) = 2.5, p = 0.128, g 2 = 0.11 (actively studied objects: M = 1.53, SE = 0.17; passively studied objects: M = 1.41, SE = 0.15). Analyses on RT revealed no difference in recognition speed between new objects (M = 1126 ms, SE = 59), passively studied objects (M = 1096 ms, SE = 95), and actively studied objects (M = 1126 ms, SE = 61), F(2, 42) = 1.1, p = 0.348, g 2 = 0.05. Separate t-tests for d 0 against zero for the passively and actively studied objects confirmed that recognition of studied objects was better than chance, t(21) > 3.9, p < 0.005.
The additional ANOVAs on d 0 revealed neither an effect of object complexity, F(1, 21) = 0.3, nor an interaction between object complexity and object type, F(1, 21) = 1.4. Furthermore, neither an effect of presentation order nor a significant interaction between presentation order and object type was observed on d 0 , Fig. 1 . An example of the objects employed in our experiments constructed from geon-like parts. In the upper row objects are displayed consisting of three components (simple objects) and in the lower row objects are presented consisting of five components (complex objects). F(3, 63) < 0.5 (Greenhouse-Geisser e-corrected). The additional ANOVAs on ß revealed neither an effect of object complexity nor an interaction between object complexity and object type, F(1, 21) < 3.6, and also no effect of presentation order and no interaction of presentation order with object type, F(3, 63) < 2.2.
Finally, the additional ANOVAs on RT revealed neither an effect of object complexity, F(1, 21) = 1.0, nor an interaction between object complexity and object type, F(2, 42) = 0.1. However, RTs became faster from the first presentation (M = 1306 ms, SE = 69) until the fourth presentation during the test phase (M = 1001 ms, SE = 57), F(3, 63) = 55.7, p < 0.001, g 2 = 0.73; the effect of presentation order did not interact with object type, F(6, 126) = 1.8.
In sum, perceptual recognition of actively studied virtual 3D objects was better than of passively studied objects, which underlines the impact of active exploration on visual memory. Importantly, these data indicate that the effect of active exploration on perceptual recognition is not restricted to a specific class of biologically relevant stimuli as our virtual 3D objects obviously do not belong to this class. No effect of presentation order was observed on perceptual sensitivity, indicating that memorization of studied objects remained unaffected. Interestingly, the recognition speed of studied objects during the test phase diminished due to repeated presentation, suggesting that memory traces changed during the more active testing phase. However, it did not help participants in classifying an object as being studied or new. Finally, recognition of simple and complex objects had an equal benefit from active exploration. Altogether, these findings emphasize the important role of active exploration for the formation of perceptual memory of virtual objects.
Experiment 2
The results of Experiment 1 support the view that active exploration improves the quality of visual memory of virtual 3D objects. Nevertheless, one could argue that the impact of active exploration on visual memory is minor and hardly beneficial when facing real world conditions. For example, one might raise the question whether active object exploration helps to overcome impaired visibility under degraded stimulus conditions like occlusion during a rainstorm. This issue was explored in our second experiment by adding a condition in the test phase in which objects were partially covered with a mask. Based on the results of our first experiment, for intact virtual 3D objects we expected to replicate improved perceptual sensitivity for actively as compared to passively studied objects. If active exploration substantially improves the quality of visual memory, then a masked stimulus in the test phase may make contact with the enhanced perceptual representation built up during the study phase and thereby facilitate object recognition. Moreover, observing improved recognition of actively studied masked objects as compared to passively studied intact objects in the test phase would demonstrate that active exploration in the encoding phase fully compensates for the effect of stimulus degradation in the testing phase, thereby stressing the major impact of active exploration on the quality of object representations in visual memory.
Method
Participants
Thirty-six participants took part in our experiment (14 males; 22 females; mean age 24.4 years).
Stimulus materials
In the test phase of Experiment 2, half of the images of the 3D objects were partially masked. Examples of these masked objects are shown in Fig. 3 . A set of masks was randomly generated in Photoshop CS (Adobe Inc.), each covering about 40% of the display. Masks were applied to the test images when they covered approximately half of the object components' junctions. These junctions are thought to provide important information about an object's geometric structure and therefore seem essential for accurate object recognition (Biederman, 1987) .
Data analysis
ANOVAs were performed on d 0 , ß, and RT with object type and masking condition during the test phase (masked or intact) as within-subjects variables. A planned comparison was carried out on d 0 to compare performance on the masked actively studied objects with the intact passively studied objects. The latter analysis provides information on the question whether active exploration compensates for the effect of object masking. We performed separate t-tests on d 0 to check whether recognition was better than chance. Additional analyses were performed including the factors object complexity and presentation order.
Results and discussion
The most relevant results of Experiment 2 are shown in Fig. 4 reveals that the effect of masking was more pronounced for actively studied than for passively studied objects. Our planned comparison revealed that actively studied masked objects (M = 0.67, SE = 0.07) were recognized better than passively studied intact objects (M = 0.30, SE = 0.11), t(35) = 2.9, p = 0.006. The analysis on ß showed no difference between passively (M = 1.03, SE = 0.05) and actively studied objects (M = 1.01, SE = 0.06), F(1, 35) = 0.4, no effect of masking, F(1, 35) = 0.7, and no interaction between masking and object type, F(1, 35) = 3.0, p = 0.095, g 2 = 0.08. Analyses on RT revealed no difference in recognition speed between new objects (M = 1553 ms, SE = 158), passively studied objects (M = 1559 ms, SE = 156), and actively studied objects (M = 1475 ms, SE = 128), F(2, 70) = 2.0. Furthermore, no effect of masking, F(1, 35) = 1.4, and no interaction between object type and masking was observed, F(2, 70) = 0.3. Separate t-tests on d 0 revealed that in all conditions, recognition was better than chance, t(35) > 2.2, p < 0.05.
Additional analyses on d 0 revealed no effect of object complexity and no interactions with this factor, F(1, 35) < 1.5. Furthermore, no effect of presentation order and no interactions with this factor were observed, F(3, 105) < 2.3. Additional analyses on ß revealed only a weak tendency to an effect of object complexity, F(1, 35) = 3.0, p = 0.09, g 2 = 0.08 (simple objects: M = 1.2, SE = 0.1; complex objects: M = 0.9, SE = 0.04), which might reflect a slightly stronger bias to respond ''old'' for simple objects. No sign of an interaction with this factor was observed, F(1, 35) < 0.8. In addition, no effect of presentation order and no interactions with this factor were observed, F(3, 105) < 2.3.
The additional analysis on RT revealed a main effect of object In sum, we replicated the effect of study condition in our second experiment as perceptual recognition was much better for actively than for passively studied virtual 3D objects. Additionally, we could demonstrate reduced recognition due to masking of objects during the test phase, which had a more pronounced effect on recognition for actively studied objects. Most importantly, our data revealed that actively studied objects were recognized better when they were masked in the test phase than passively studied objects that were intact in the test phase. The latter finding is the first demonstration of the huge impact of active exploration on the quality of object representations in visual memory. Analyses on RT replicated the decreased response speed due to repeated presentation of objects during the test phase, which may be interpreted as a change in memory during the test phase that, however, did not facilitate recognition of an object as being studied or new. We additionally observed relatively fast responses for simple intact objects in the test phase, which might be related to the slight but non-significant bias to respond ''old'' for simple objects.
Experiment 3
The previous experiments demonstrated that active object exploration during a study phase improves perceptual recognition of these objects in a subsequent test phase. Furthermore, our second experiment demonstrated that active exploration even overrules the effect of masking in the test phase, underlining the major impact of active exploration. These findings can very well be understood either in terms of improved quality of memory traces along the ventral pathway or as a consequence of extra cues arising from (pre)-motor areas, or both, all due to active exploration. However, in our introduction we considered a less intriguing alternative that attempts to explain the effect of active exploration solely in terms of differences in the allocation of visual attention. Participants might have been more focused on objects in the active condition than in the passive condition (see Harman et al., 1999) , implying that the advantage of active exploration is not really due to the action itself. This alternative possibility was further explored in our third experiment.
Experiment 1 was adapted by editing a number of our virtual 3D stimuli. Specifically, some of the previously employed objects were now marked with a small dot (see Fig. 5 ). The dots were difficult to detect and only present on a random number of objects. A group of participants (the counting group) was selected that received a secondary task (i.e., counting of dots) in both the active and the passive exploration phases. The idea behind this task was that dot counting will require the involvement of attention, as attention will have to move across the objects (i.e., visual search) to detect the dots on those objects. Thus, in both the passive and the active exploration phase attention will be directed at various sides of the objects, thereby reducing possible attentional differences between those conditions. Another group of participants had no such task (the no-counting group).
At the end of each condition in the study phase, participants in the counting group had to report the number of dots in total across all object presentations. The accuracy of the reported dots in the active and passive condition was compared to verify whether this secondary task in the study phase was carried out in a similar way in both task conditions. If so, then no difference in counting performance should be found between the passive and the active exploration phases.
If attention is not responsible for the advantage of active object exploration on perceptual recognition then results on d 0 should be the same for both the counting and the no-counting group. If, however, the involvement of attention in the study phase strongly increases due to counting, and thereby facilitates memorization, then more objects should be recognized in the case of passive counting than in the case of passive no-counting. Moreover, if a general difference in the allocation of attention towards the objects is responsible for the effect of active exploration on object recognition, then perceptual recognition of passively studied objects in the counting group should approach the level of recognition of actively studied objects for that same group. Twenty-four participants took part in our experiment (11 males; 13 females; mean age 21.6 years).
Stimulus materials
A second set of virtual 3D objects was created identical to those used in the prior experiments except that a random selection of those objects was marked with a small gray dot. The dot was only slightly darker than the surface of the objects to diminish the possibility of a pop-out effect thereby increasing the need for attentional allocation when searching for this dot. The dot was located on one of the smaller object components in the center of one of its surfaces. Furthermore, the dot was placed on a location that was not directly visible from the initial viewing angle.
Procedure
According to their order of subscription, participants were divided into two groups, receiving different study phases. In the first no-counting group, participants received the same task and procedure as in Experiments 1 and 2. A second group of participants, the counting group, received the same procedure but were required to perform a secondary task in the study phase. This group was instructed to detect and count the dots on the employed objects. The total number of marked objects that appeared in the study phase was randomized so to ensure that the participants thoroughly inspected all object viewpoints in both study conditions (min = 0, max = 24). At the end of each condition of the study phase participants were required to report the number of detected dots.
Data analysis
ANOVAs were performed on d 0 , ß, and RT with object type as within-subjects variable and group (counting and no-counting) as between-subjects variable. Two planned comparisons were anticipated. First, we wanted to examine whether passively studied objects were better recognized in the counting group than in the no-counting group, which might demonstrate the extra attentional involvement due to counting. Secondly, we were interested in determining whether actively explored objects for the counting group were better recognized that passively explored objects for the same group, which might demonstrate the surplus due to active exploration as compared to the attentional involvement in the case of counting. Separate t-tests were performed on d 0 to examine whether target recognition differed from chance in the passive and active exploration conditions. Additional analyses were performed including the factors object complexity and presentation order. A final ANOVA was run on the accuracy of performance in the counting task (the percentage correctly reported dots) with object type as within-subjects variable to check whether there were differences in the secondary task between the active and passive exploration phase.
Results and discussion
The most relevant results of Experiment 3 are displayed in The interaction between study condition and group was not significant, F(1, 22) = 1.1. A first planned comparison concerning the influence of counting vs. no-counting for passively studied objects on d 0 revealed no significant effect, t(22) = 1.2, whereas the other planned comparison for the counting group confirmed that actively studied objects were recognized better than passively studied objects, t(11) = 2.5, p = 0.016 (one-tailed). The analysis on ß revealed a main effect of object type, F(1, 22) = 4.90, p = 0.037, g 2 = 0.18. Participants showed a slightly higher response bias (a tendency to respond ''old'') for actively (M = 1.22, SE = 0.13) as compared to passively studied objects (M = 1.11, SE = 0.11). No difference was found between the counting (M = 1.30, SE = 0.16) and the no-counting group (M = 1.04 SE = 0.16), F(1, 22) = 1.3, and no significant interaction was observed between object type and group, F(1, 22) = 0.02. Analyses on RT revealed no difference in recognition speed between new objects (M = 1571 ms, SE = 234), passively studied objects (M = 1445 ms, SE = 165), and actively studied objects (M = 1490 ms, SE = 189), F(2, 46) = 0.9. Furthermore, no Fig. 5 . Examples of the objects marked with dots used in Experiment 3. The dots were presented to examine the effect of a dot counting instruction, which might lead to differences in the allocation of visual attention. Fig. 6 . The effect on d 0 for actively explored and passively observed objects for the counting and the no-counting groups. effect of group, F(1, 23) = 0.8, and no interaction between object type and masking was observed, F(2, 46) = 0.6. Separate analyses on d 0 for the passively and actively explored objects confirmed that recognition was better than chance, t(24) > 1.7, p < 0.05 (onetailed).
The additional analyses on d 0 revealed no effect of object complexity, F(1, 23) = 0.02, and no interactions with this factor, F < 2.5, p > 0.13. However, an effect of presentation order was observed on d which seems due to a reduction in sensitivity for the second presentation for actively explored (M = 0.20, SE = 0.12) as compared to passively explored objects (M = 0.07, SE = 0.09). No further interactions with the factor presentation order were observed on d 0 , F < 0.7. The additional analyses on ß revealed no effect of object complexity, F(1, 23) = 0.4, but an interaction was observed between object type, object complexity, and group (counting or no-counting), F(1, 23) = 6.8, p = 0.016, g 2 = 0.23. This interaction was decomposed by performing separate analyses per group. They, however, no longer revealed an interaction involving the factor object complexity, preventing a straightforward interpretation of the second order interaction. No effect of presentation order was observed, F(3, 69) = 1.5, and no interactions were observed involving this factor, F < 1.8, p > 0.18.
The additional analyses on RT only revealed a weak tendency to slower responses for complex (M = 1551 ms, SE = 198) as compared to simple objects (M = 1453 ms, SE = 186), F(1, 23) = 3.8, p = 0.063, g 2 = 0.14. No signs of others effects involving this factor were observed, F < 1.9. No effect of presentation order was observed, F(3, 69) = 0.8, and no interactions involving this factor were observed, F < 0.5.
In the study phase, no evidence was found that participants who performed the secondary counting task were more accurate in detecting and counting dots on objects that were actively studied (M = 90.2, SE = 2.46) than on objects that were passively studied (M = 88.9, SE = 4.28), F(1, 46) = 0.2.
In sum, our data revealed that the influence of active exploration on perceptual recognition is unaffected by the requirement to count dots, suggesting that improved recognition for actively studied objects cannot be ascribed to major differences in attentional allocation (i.e., reduced attention in the case of passive observation). In the passive conditions no improved memory was found in the counting task, suggesting that the amount of attention is already quite high in the passive non-counting task, although a tendency to such an effect (far from significant) seems visible in Fig. 6 . Furthermore, the clear presence of an increase in performance in the active counting condition as compared to the passive counting condition indicates that attention cannot be held responsible for the effect of active exploration. Analyses on the number of reported dots additionally confirmed that there were no major differences in attentional allocation between the passive and the active exploration conditions. Presentation order in the test phase affected perceptual sensitivity, especially for the second presentation. This effect may be due to confusion due to prior presentation of an object in this stage of the experiment. Interestingly, we additionally observed a response bias for actively as compared to passively studied objects, indicating that performance changes need not always be due to changes in perceptual sensitivity but may also be due to increased response tendencies.
General discussion
Active exploration as compared to passive observation of a range of objects has been shown to lead to improved performance for these objects in a subsequent test phase (e.g., Christou & Bülthoff, 1999; Harman et al., 1999; James & Atwood, 2009; James et al., 2001; James et al., 2002; Liu et al., 2007; Sun et al., 2004) . For example, Harman et al. (1999) demonstrated faster processing times for virtual 3D objects after active exploration. Liu et al. (2007) mainly focused on 3D face stimuli, and specifically explored whether the benefit of active exploration could be ascribed to changes in perceptual sensitivity by using measures derived from signal detection theory. This is not yet possible when focusing on RT or accuracy scores as in principle effects may be due to various processing stages ranging from perceptual to motor stages. A clear effect on d 0 was observed for face stimuli, implying a perceptual locus of the influence of active exploration. No such benefit, however, was observed for other stimuli (i.e., chairs). These findings led Liu et al. to propose that the benefit of active exploration might depend on biological relevance. In the current study, we examined whether the benefit of active exploration on virtual 3D objects (similar to the ones employed by Harman et al. (1999) , James et al. (2001) and Meijer and Van den Broek (2010) ) is related to changes in perceptual sensitivity. Moreover, we examined whether the benefit of active exploration is strong enough to compensate for the effect of perceptual degradation. Finally, we explored whether the possible advantage of active exploration is simply due to a change in the allocation of attention in these conditions rather than due the action itself.
The results on the measure for perceptual sensitivity (d 0 ) in our three experiments revealed that actively as compared to passively studied virtual 3D objects were better recognized in a subsequent test phase. Thus, a first conclusion that can be drawn is that the benefit of active exploration on perceptual recognition is not restricted to biologically relevant stimuli but can also be observed for completely novel objects. As indicated in our introduction, these improvements may be due to a strengthening of object representations along the ventral stream during the study phase caused by interactions with the dorsal pathway, but they may also be due to increased activity in (pre-)motor areas thereby providing extra cues that could facilitate motoric but also perceptual processes.
The second question to be answered was whether the impact of active exploration might be strong enough to compensate for degraded perception due to occlusion of irrelevant masks, which for example might occur under natural degraded viewing conditions like a rainstorm. Indeed, perceptual recognition of actively explored objects being masked during the test phase was much better than of passively studied objects being intact during the test phase. This observation demonstrates the major impact of active exploration, and shows that the benefit may especially be large under viewing conditions in which objects are occluded by other objects.
As indicated in our introduction, it may be argued that the change in the buildup of object representations during the study phase need not be due to the action performed on those objects, but rather to an increase in the allocation of attentional resources in the case of active exploration. Thus, the allocation of attention may have been reduced in the case of passive observation. This issue was explored in our third experiment by letting one group of participants perform a secondary attentionally demanding dot counting task during the study phase whereas another group of participants had no secondary task. For passively studied objects, no improved recognition was observed in the case of counting. This observation suggests that attentional allocation during the study phase may already be high. Most importantly, perceptual recognition was clearly better for actively explored than for passively studied objects when participants had carried out the secondary task. In other words, even though objects had to be inspected for the presence of dots (i.e., requiring attention), which was checked by their report on these dots, the benefit of active exploration with the mouse remained, signifying that attention alone cannot account for the impact of active exploration.
In sum, active exploration during a study phase has a major impact on the buildup of representations that in a later phase facilitate object recognition by increasing perceptual sensitivity. The major impact of active exploration was demonstrated by fully compensating for the effect of masking during testing. This effect cannot simply be ascribed due to increased attention during active exploration as was demonstrated in our third experiment. Future studies might focus on the origin of this improvement, which might be due to changes along the ventral path and/or areas specifically involved in performing actions on those objects.
